Social environments experienced at different developmental stages profoundly shape adult behavioural and neural phenotypes, and may have important interactive effects. We asked if social experience before and after weaning influenced adult social cognition in male prairie voles. Animals were raised either with or without fathers and then either housed singly or in sibling pairs. Males that were socially deprived before (fatherless) and after (singly housed) weaning did not demonstrate social recognition or dissociate spatial from social information. We also examined oxytocin and vasopressin receptors (OTR and V1aR) in areas of the forebrain associated with social behaviour and memory. Pre-and post-wean experience differentially altered receptor expression in several structures. Of note, OTR in the lateral septum-an area in which oxytocin inhibits social recognition-was greatest in animals that did not clearly demonstrate social recognition. The combination of absentee fathers on V1aR in the retrosplenial cortex and single housing on OTR in the septohippocampal nucleus produced a unique phenotype previously found to be associated with poor reproductive success in nature. We demonstrate that interactive effects of early life experiences throughout development have tremendous influence over brain -behaviour phenotype and can buffer potentially negative outcomes due to social deprivation.
Introduction
The quality and composition of the postnatal social environment can profoundly affect brain organization, and this can have cascading effects that alter developmental trajectories into adulthood [1] . Indeed, most species face highly dynamic and variable early life social experiences, and the extent to which social environments can shape both the brain and behaviour has remained an area of potent interest. Despite the clear importance that early life experiences have on shaping phenotypes, most studies have focused on single developmental periods and have overlooked a crucial element: social experiences at different developmental periods might interact. Indeed ignoring that development is unidirectional in time and builds on previous experience also ignores that the adult phenotype is the outcome of complex phenotypic sculpting by many early life experiences. Examining the interactions of varied environments at distinct developmental stages is necessary if we are to meet the goal of providing a more thorough understanding of how adult behavioural and neural phenotypes emerge.
Pre-weaning stages of development in rodents are incredibly influential. Most work on the influences of early life social environments has focused on the impact of pre-weaning mother -infant interactions [2, 3] , largely because most mammals only engage in uni-parental care [4] . It is, however, also particularly important to understand how father-infant interactions influence offspring development in bi-parental species. Relatively few non-human studies have investigated the effects of paternal care and the importance of fathers at the nest [5] . Such studies have identified several socio-behavioural & 2015 The Author(s) Published by the Royal Society. All rights reserved.
deficits associated with paternal absence. For example, the absence of fathers in the natal nest of bi-parental rodents adversely influences maturation, partner-preference formation, alloparental behaviour, aggression and social recognition in adulthood [6] [7] [8] [9] [10] [11] [12] . However, in order to fully understand the influence of early life experiences on development, we must consider the impact of social environments beyond the natal nest. Adolescence and early adulthood are also periods of life known to assert a profound influence over developmental trajectories. For example, comparisons of rodents living in isolated versus group housing conditions post-weaning suggest that isolated animals develop high anxiety-like phenotypes and stress-induced behavioural and neuroendocrine changes [13] [14] [15] , indicating that the social environment continues to impact development.
Post-weaning social environments could potentially impact development in a manner that is distinct from pre-weaning social environments. Furthermore, because these important developmental stages are separated in time, they may interact to shape neural phenotype and social behaviour in complex ways. For example, environmental enrichment in later life modifies differences in neurodevelopment and anxiety-like behaviour that emerge from having high or low licking and grooming mothers [16] . Post-wean environmental enrichment also reverses the influence of impoverished mother -pup interactions on hippocampal physiology and spatial memory [17, 18] . These studies underscore the need to consider how brain and behaviour can be affected by interactions between social environments in early and late development. Doing so will enable a deeper understanding of social development in ways that focusing on social experiences at single developmental periods does not capture.
Prairie voles (Microtus ochrogaster) provide an excellent opportunity to investigate how early social experiences at different life stages interact to shape complex brain-behaviour phenotypes. Prairie voles are most known for their tendencies to form long-term pairbonds [19, 20] and their socially monogamous mating system is closely associated with bi-parental care. While most breeding units in nature consist of a heterosexual pair (referred to as 'residents') and their offspring, some reproductively active animals are single owing to a member of the pair defecting ('divorce'), predation or what appears to be an active choice to forgo pairbonding [21 -23] . Furthermore, 'wandering' individuals can be male or female [21] [22] [23] [24] . These differences in mating tactics result in natural variation in the postnatal social environment; both parents will raise some offspring, and just mothers will raise others. Moreover, as pups mature into sub-adults, some continue to reside at the nest, while others leave the nest to join the reproductive population. Thus, sometime after weaning, some sub-adult animals will live in social groups, while others will live singly.
The neurobiology that modulates prairie vole pairbonds is also well understood. Much of this work has focused on the nonapeptides oxytocin (OT) and vasopressin (VP). For example, region-specific manipulations of OT, VP or their receptors (OTR and V1aR) in the lateral septum (LS, [25] ), ventral pallidum (VPall, [26] ), nucleus accumbens (NAcc, [27, 28] ) and prefrontal cortex (PFC, [29] ) can enhance or eliminate the propensity to bond, which has led to their inclusion in a 'pairbonding neural circuit' [20] . Not surprisingly, most of these structures are deeply associated with the 'social behaviour network' [30, 31] , a set of nuclei that are frequently implicated in modulating social behaviours and in which nonapeptides assert a tremendous influence. What has been less appreciated recently, but has deep historical roots, is the influence of OT and VP in memory [32, 33] . Although much of the original work was on avoidance and appetitive learning, more recently their roles in social recognition (in the LS) and spatial memory (in the septohippocampal nucleus (SHi), hippocampus (Hi) and the retrosplenial cortex (RSC)) have been topics of interest [34] [35] [36] [37] . In addition to their aforementioned influences on social behaviour and memory, nonapeptide systems are open to the influences of early life social experience in numerous species, including prairie voles [6, [38] [39] [40] .
Here, we evaluate the interactive influences of pre-weaning (presence or absence of fathers) and post-weaning (groupversus single-housed) social environments on OT and VP receptor expression across brain regions of the pairbonding neural circuit, social behaviour network and socio-spatial memory structures in male prairie voles. Because social and spatial memory arguably form the foundation of social cognition (knowing who and where conspecifics are in space), we focus on performance in a modified social discrimination test that places social discrimination into a spatial context to ask how early life experiences from different stages of development affect socio-spatial memory in adults.
Material and methods (a) Animals
All subjects came from the first litter of breeding pairs (n ¼ 64) created specifically for this experiment. The breeders originated from our colony of voles, which were originally trapped in Champaign County, IL, USA. The animals were housed in standard polycarbonate rodent cages (29 Â 18 Â 13 cm) and kept on a 14 L : 10 D cycle, with lights on at 06.00 h. They were provided Rodent Chow 5000 (Harlan Teklad, Madison, WI, USA) and water ad libitum. After pairing, mating behaviour was monitored closely and used to estimate the expected parturition date.
(b) Early life manipulations
We created four rearing conditions (a 2 Â 2 design) that contrasted pre-and post-wean social experience ( figure 1a,b) . Just before females were expected to give birth, we closely checked breeding pairs daily for newborn offspring. We recorded the number of offspring when a new litter was discovered. When pups were born, the fathers from half of the breeding pairs were removed from the cage ('dad absent'); the other half of the fathers was left undisturbed ('dad present'). The conditions were maintained until the pups were 21 days old, at which point the pups were sexed and weaned. At weaning, half of the pups from each group (dads absent or present) were assigned into post-wean groups. Animals serving in group-housed treatments were housed with a same-sex littermate; animals serving in single-housed treatments were housed alone. Post-wean housing conditions were maintained for the duration of the study. Behavioural testing began just after animals reached sub-adult age (approx. 35 days). Our behavioural experiments focused on males. Taken together we created four groups: dad present/ group-housed (n ¼ 15), dad present/single-housed (n ¼ 14), dad absent/group-housed (n ¼ 18) or dad absent/singlehoused (n ¼ 17). figure 1c ). This test functions as a modified social discrimination test [41] that incorporates social recognition in a spatial context. Traditional social discrimination tests present a subject with two unfamiliar conspecifics over a series of presentations to give the subject the opportunity to become familiar with the two stimulus animals (a familiarization phase). Social investigation is expected to decline as a subject becomes more familiar with the stimulus conspecifics. To test recognition, one of the two familiar stimulus animals is replaced by a third novel stimulus animal, and the time the subject spends investigating the novel animal compared with the familiar animal provides a measure of social discrimination. A subject is expected to spend more time investigating the novel animal, presumably because it is gathering information about the new identity.
In our test, two stimulus subjects were placed in the same respective arms of a four-arm apparatus (figure 1c, left; see below) during the familiarization phase. At the time of the test, one familiar stimulus animal was moved to a previously unoccupied arm, while the other was removed and an unfamiliar stimulus animal was placed in the other previously unoccupied arm ( figure 1c, right) . Thus, our test was designed to assess social recognition, but in a context where the spatial associations between identity and location were broken to contrast the reliance on spatial and social information. In any given trial, all stimulus and subject animals were unrelated.
(d) Apparatus
The acrylic apparatus resembled the arms of a windmill (figure 1c) and consisted of a central chamber (22.86 Â 22.86 cm) that opened into four distinctly marked hallways (45.7 Â 7.6 cm). Each hallway turned a corner at the distal end (7.6 Â 7.6 cm), at which point a wire mesh barrier separated the hallway from an end chamber (22.86 Â 22.86 cm) in which stimulus animals could be presented. Each arm was uniquely marked (black, white, horizontal stripes or vertical stripes) to enable local cue discrimination. The end chambers were placed around a corner so that subject animals were unable to see if they contained a stimulus animal without walking to the end of each hallway.
(e) Procedure
To begin a trial, subjects were placed in the central chamber for 30 min. During this time, opaque acrylic squares blocked access rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152236 to the hallways. Two stimulus animals were placed on opposite ends of the apparatus from each other in their own end chamber. Their placement with respect to the arm markings was random. The acrylic squares were removed, and the subject was allowed to explore the apparatus freely for 5 min. Next, the subject was returned to the central chamber and the acrylic squares were replaced to block access to the hallways for 15 min. This procedure was repeated five times. Before the fifth presentation period began, one stimulus animal was rotated to the previously unoccupied arm to the right to serve as a familiar stimulus animal (F). The other stimulus animal was removed (R) and replaced with a third novel stimulus animal (N) that was placed in the remaining previously unoccupied presentation chamber (figure 1c).
We used ETHOVISIONXT (Noldus Information Technology, Leesburg, VA, USA) to measure the time spent in the main chamber and in each of the four arms for each trial. We subdivided each arm into the hallway and a 'social interaction zone' (SIZ; 15.2 Â 7.6 cm). Each SIZ was approximately 1.5 body lengths. In trial 5, the difference between time spent in the SIZs of the arms containing stimulus animals indicated if subjects discriminated between familiar and unfamiliar conspecifics. The time spent in the SIZs of the vacant chambers (where stimulus animals were previously housed during trials 1 -4) indicated a subject's ability to dissociate previously paired social and spatial information. In other words, it assessed the reliance on spatial cues and social cues.
(f ) Oxytocin and vasopressin 1a receptors autoradiography
After behavioural trials were complete, subjects were sacrificed and we immediately extracted brains, froze them on powdered dry ice and stored them at 2808C. Later, we coronally cryosectioned brains at 20 mm and mounted sections at 100 mm intervals on Superfrost Plus slides (Fisher Scientific Co., Pittsburgh, PA, USA). Each of four sets was then stored at 2808C until they were used to visualize receptor density using autoradiography as previously described [42] . We used 125 I-labelled radioligands to visualize OTR (ornithine vasotocin analogue ([ 125 I]-OVTA); NEX254, PerkinElmer; Waltham, MA, USA) and
125 I-Arg6]-); NEX310, PerkinElmer). We exposed radiolabelled tissue to film (GE Healthcare, Little Chalfont, UK) for 4 days. The relative density of ligand binding was assessed by inferring that receptor density relates to the optical density of exposed film and, in this way, optical density measurements serve as a proxy for receptor density. We used 125 I-labelled radiographic standards (American Radiolabeled Chemicals, St Louis, MO, USA) to allow for conversion of optical density to receptor density. We digitized films on a Microtek ArtixScan M1 (Microtek, Santa Fe Springs, CA, USA) and measured optical densities using IMAGE-J (NIH, Bethesda, MD, USA). We calculated receptor density by first converting optical density to disintegrations per minute (dpm), adjusted for tissue equivalence (TE; for 1 mg in the rat brain), by using a log function to fit curves generated by radiographic standards. We measured optical density across brain regions within the pairbonding circuit, social behaviour network and memory circuits (OTR:PFC, NAcc, septo-hippocampal nucleus (SHi), LS,Hi, central amygdala (CeA), basolateral amygdala (BLA); V1aR:VPall, LS, medial bed nucleus of the stria terminalis (BSTm), anterior hypothalamus (AH), RSC), CeA medial amygdala (MeA) and ventromedial hypothalamus (VMH). The optic density for each brain region was averaged over three measurements (once in a series of three brain sections, bilaterally). We also measured optical density of portions of film adjacent to the brain slices analysed. The average values for each structure were converted to dpm mg 21 (see the  electronic supplementary material, table S1 ).
Results
(a) Early life social environments, social discrimination and socio-spatial memory
To begin, we first asked if early life social experience affected social discrimination. Social discrimination scores were calculated by subtracting the time spent in the SIZ of the familiar stimulus animal from the time spent in the SIZ of the novel stimulus animal in trial 5. To assess the degree of social discrimination, we compared the mean social discrimination scores to zero using one-sample t-tests (figure 2a figure 2a) , where dad absent/single-housed males had significantly lower social discrimination scores than males raised with dads and housed alone ( post hoc Student's t-test; t 29 ¼ 2.609, p ¼ 0.01) or without dads and group housed (t 33 ¼ 2.183, p ¼ 0.04). However, males raised without dads and housed alone did not significantly differ from males raised with dads and housed in groups (t 30 ¼ 1.288, p ¼ 0.21). Taken together, the significant interaction supports the hypothesis that the combination of pre-and post-wean socially depleted environments disrupt or delay social discrimination.
We compared the amount of time that subjects from each group spent in the SIZs for each arm to determine if they used social cues (i.e. location in trial 5) or spatial cues (i.e. location in previous trials) to guide investigation behaviour. We expected that subjects would spend the majority of their time in the SIZ nearest the novel stimulus animals, as this would presumably be the most salient socio-spatial cue available. Our results showed a main effect for subjects, who spent the majority of their time in the SIZ near the novel stimulus animals (F 3,180 ¼ 8.80, p , 0.0001; figure 2b ). Although we found no main effect for time spent in the four SIZs across treatment group (F 3,180 ¼ 0.43, p ¼ 0.73), we did find a significant interaction across treatments and SIZs (F 9,180 ¼ 2.17, p ¼ 0.03; figure 2b ). The interaction effect shows that the subjects experiencing the depleted pre-and post-wean social environments showed a significantly different pattern of investigation from all other subjects. Specifically, dad absent/single-housed subjects spent the rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152236 majority of their time in the SIZ where the replaced stimulus animal was located during trials 1-4, whereas all other subjects spent the majority of their time in the SIZ near the novel stimulus animal (figure 2b).
To confirm that this result was not a function of social avoidance, we compared the time dad absent/singlehoused subjects spent in the empty arms and the arms containing a conspecific for each presentation trial (trials 1 -5). In trial 5 (after stimulus animals had been rotated in space) dad absent/single-housed males spent more time in the arms housing no conspecifics (F 3,60 ¼ 3.44, p ¼ 0.02; electronic supplementary material, figure S1 ). By contrast, and like all other groups of males, during trials 1-4, these males spent more time in arms containing conspecifics (all Fs 3,60 1.48, ps ! 0.23; electronic supplementary material, figure S1 ). These data demonstrate that dad absent/singlyhoused animals did not avoid social contact in trial 5, but rather that they were using a different search pattern to explore the apparatus after the social and spatial associations had been experimentally disrupted. 
Discussion
Our results show that early-and late-stages of postnatal development in voles interact to impact social discrimination, socio-spatial memory and the nonapeptide mechanisms that are closely linked with these behaviours. We found that reduced social exposure (i.e. males raised without fathers and later housed alone) interfered with male prairie vole social discrimination and how they approach socio-spatial challenges. We also found that reduced social exposure at different periods of early life can differentially affect nonapeptide expression patterns. While V1aR in the RSC and MeA are altered by the presence or absence of fathers, several oxytocinergic structures (PFC, BLA, LS and SHi) are influenced by post-wean social conditions. Strikingly, OTR, but not V1aR expression in the LS-a structure in which both OT and VP are known to influence social recognition-differed among the same groups of animals that showed deficits in social recognition. Taken together, these results demonstrate that social environments experienced during pre-weaning and postweaning influence neural development in a region-specific manner, and can interactively shape neural and behavioural phenotype. by classic and recent studies has shown that disruption of mother -infant interactions has consequences for the physiology and social behaviour of adult offspring [43] [44] [45] [46] . Despite the significant advances that studies such as these have made, the majority of research performed has focused on maternal care and has overlooked the contribution of fathers on offspring development. In species with bi-parental care, both parents invest heavily in rearing offspring. Biparental care is closely related to adopting a monogamous mating system, something found in only 5% of mammalian species [4] . Because the occurrence of mammalian paternal care is relatively rare, it is particularly difficult to assess the importance of paternal behaviour among mammals, with most work having been conducted in humans. The potential impact the presence of caring fathers has on developing offspring is of significant importance as, among humans, for example, it may determine a child's appropriate emotional and cognitive development [47] , health [48] , and likelihood to engage in violent activity and crime [49] . On the other hand, a positive paternal influence on developing children increases cognitive competence (e.g. [50] ) and adult psychological adjustment (e.g. [51] ). Non-human work on paternal care is beginning to gain appreciation and it is clear that the role of the father in bi-parental species is significant [5] . For instance, paternal absence in prairie voles retards development, and can interfere with pairbonding [6, 11, 12] . Our results add to this story indicating that the lack of fathers in the postnatal environment also interferes with socio-cognitive behaviours.
(b) Protective influences of post-wean environments on social cognition
Our results demonstrated that male prairie voles which were raised without fathers showed no evidence for social discrimination, but only if they later lived in social isolation. These results are unique in that they highlight a particularly compelling role for social housing in later life, which may act as a social buffer to protect animals from demonstrating socio-cognitive deficits that might result from reduced paternal care. Although the combination of environmental and social enrichment is known to reverse the influence of impoverished mother -pup interactions [16 -18] , these studies were unable to directly attribute their effects to either social or physical enrichment. To our knowledge our study is the first demonstration of a cognitive deficit that is potentially both caused and rescued by social context alone. Furthermore, the roles of OT and VP acting in the LS on social recognition are well established [32, 34, 52, 53] . Septal VP facilitates social recognition, while endogenous levels of OT inhibit social recognition. Relatively elevated levels of OTR in the LS should therefore increase animals' sensitivity to the inhibitory effects of OT on social recognition. The fact that males raised without fathers and later housed alone demonstrated both deficits in social discrimination and greater OTR density suggests that continued social deprivation throughout early life affects septal OTR phenotype, which in turn affects social recognition. A similar pattern was not evident in septal V1aR, which was surprising.
(c) Did males with the greatest social experience also show recognition deficits?
Based on our data, it was unclear if males raised with fathers and then group housed (arguably males with the most social exposure) showed evidence for social discrimination or not. Although this is a peculiar result, we note that this group did show a non-significant trend towards showing social discrimination, and group performance was more similar to the groups that clearly showed recognition than the one group that clearly did not (figure 2a). This result might better represent an underpowered sample rather than a lack of evidence for social recognition. We have repeatedly demonstrated that animals raised with fathers and then group housed show social recognition [54] . Moreover, we showed testing animals in contexts that lack pre-existing social cues (i.e. clean testing apparatus) produces high variance in social recognition. Similarly, dad present/group-housed males showed the greatest variation of all four treatment groups in the current study, a result primarily driven by three animals. It is possible that these animals were particularly affected by the lack of social cues in the testing apparatus. Removal of any one of these three animals from the analyses would have produced a significant result. Taken together, we feel that this result is most probably a sampling error and not evidence for lack of recognition.
(d) Early life social experience influences how environmental cues are used
Differences resulting from social deprivation spanning postnatal and sub-adult periods of development extended beyond social discrimination. Indeed these animals also demonstrated distinct ways of using environmental information. Whereas most animals appeared to focus on social cues to guide behaviour in the socio-spatial memory test, animals experiencing reduced social exposure appeared to rely more heavily on spatial cues. It is hard to interpret why these animals appeared to preferentially visit the arm where a familiar animal that can no longer be located used to be, however, it is clear it was not a social aversion (electronic supplementary material, figure S1 ). Furthermore, all animals were able to locate novel and familiar conspecifics in the experiment during the test period; animals in all groups spent some proportion of time in every arm (SIZ) of the maze. One interpretation of these results is that animals experiencing reduced social exposure are less able to resolve broken associations between spatial location and social identity. This notion is consistent with the performance of these animals, in which they spent similar, relatively low, amounts of time investigating arms containing stimulus animals (either familiar or unfamiliar) in the test trial, but returned throughout this period to the arm that formerly contained an animal that was nowhere to be found. Another possibility is that the social search strategies of male prairie voles are influenced by postnatal social experiences, producing differential motivation to either engage with novel animals or account for all conspecifics ( particularly ones that have gone missing). If this is true, then the relatively poor performance in social discrimination that these animals showed might be explained by an altered social search strategy rather than actual deficiency in social discrimination. However, we think this is unlikely considering that the deficits in social recognition could be accounted for by a well-supported proximate explanation: the tight link between septal OT/ OTR action and its role in disrupting social discrimination combined with the powerful observation that the same group of animals which showed recognition deficits also showed elevated OTR expression (see section above). Nevertheless, deficient social recognition could very well contribute to an altered search strategy. A third possibility is that postnatal social experiences alter the weighting that male prairie voles give to spatial or social cues. In other words, perhaps animals experiencing reduced social exposure are more attentive to spatial cues over social cues, thereby demonstrating an over-reliance on spatial cues. Further studies are clearly necessary to explain the nature of this difference in cognitive behaviour.
(e) Nonapeptide receptor sensitivity to developmental social environments
Results from our autoradiographic analyses showed several intriguing outcomes. First, we found that nonapeptide receptor expression is relatively robust throughout postnatal development. The presence or absence of fathers only affected receptor expression in a handful of structures. The expression patterns of V1aR in the RSC and MeA were higher in males raised without fathers. On the other hand, social isolation after weaning was associated with greater expression of OTR in the PFC (an area of particular importance for pairbonding), the BLA (a central part of the social behaviour network involved in emotional processing and valuation), the LS (an area already noted for its importance in pairbonding and social recognition, and that is part of the social behaviour network) and the SHi (an area that relays between the Hi and LS and is known to be important in socio-spatial memory). This general influence of neonatal and juvenile social experience in V1aR and OTR, respectively, suggests that nonapeptide receptor phenotype is sensitive to the social environment across several inter-related neural circuits and systems.
(f ) Can early life social experience shape reproductive success among mating tactics?
Prairie voles are socially monogamous, and have received much notoriety for their usefulness in understanding the mammalian neurobiology that underlies social attachment. An occasionally overlooked aspect of their natural history is that while a majority of males and females form bonds and establish socially monogamous breeding units ('residents'), an important minority of prairie voles remains single and traverses large undefended home ranges ('wanderers') [21] [22] [23] 55] . Although the V1aR and OTR profiles of residents and wanderers do not differ among structures involved in the 'pairbonding neural circuit', structures important for socio-spatial memory robustly predict whether residents or wanderers sire offspring [35, 36] . Specifically, these studies revealed an interaction between mating tactic (resident/wanderer) and reproductive success (sired offspring or did not), with reproductively unsuccessful wanderers having significantly more nonapeptide receptors than successful wanderers in key socio-spatial memory neural structures, in particular, RSC and SHi [35, 36] . These and other results suggest socio-spatial memory is important in shaping mating tactics [24, [35] [36] [37] 54] . In this study, differences in RSC V1aR were attributed to the presence or absence of fathers and differences in SHi OTR were shaped by the post-wean social environment. Interestingly, the combination of these two effects produced a particularly striking outcome for the individuals experiencing reduced social exposure throughout development. These males had both high V1aR in the RSC and high OTR in the SHi, which recapitulates a major component of the unique phenotype exhibited by the wanderers that did not sire offspring in the field [35, 36] . Although many other mechanisms are sure to be involved, this result raises the provocative possibility that reduced social interaction during both pre-and post-wean development might contribute to rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20152236 a neural phenotype that disadvantages wanderers under natural conditions. This idea is clearly speculative and merits further testing.
Conclusion
We have shown that socio-cognitive development and neural phenotype are susceptible to the influences of early life social environments. Some studies have demonstrated that preweaning environments have the potential to shape adult pro-social behaviour, thereby facilitating the establishment of relationships (e.g. attachment and affiliation; [6] ). Meanwhile, the post-weaning environments may influence stress reactivity and other aspects of behaviour that may modulate anti-social behaviours [13, 14] . Such experiences have been suggested as means for informing and preparing individuals to survive when environments that they are likely to experience as adults are dynamic, variable or relatively unpredictable [16] . The relative survival value that sociospatial cognition may have extends the potential importance of early life social experiences on relevant neural and behavioural mechanisms. We have long appreciated that quality and quantity of parental care has long-term implications for adult behaviour (e.g. [45, 46] ). Our results indicate that subsequent social experiences can serve to protect and even potentially rescue aspects of social cognition in individuals that experience social adversity early in their lives. In addition to promoting survival and social relationships, the combination of childhood and adolescent social experiences may predispose individuals to successfully navigate the reproductive challenges that await them in adulthood.
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